Signaling molecules of the Wnt gene family are involved in the regulation of dorso-ventral, segmental and tissue polarity in Xenopus and Drosophila embryos. Members of the frizzled gene family, such as Drosophila frizzled-2 and rat frizzled-l, have been shown to encode Wnt binding activity and to engage intracellular signal transduction molecules known to be part of the Wnt signaling pathway. Here we describe the cloning and characterization of Fritz, a mouse (mfiz) and human (hfiz) gene which codes for a secreted protein that is structurally related to the extracellular portion of the frizzled genes from Drosophila and vertebrates. The Fritz protein antagonizes Wnt function when both proteins are ectopically expressed in Xenopus embryos. In early gastrulation, mouse fiz mRNA is expressed in all three germ layers. Later in embryogenesis fiz mRNA is found in the central and peripheral nervous systems, nephrogenic mesenchyme and several other tissues, all of which are sites where Wnt proteins have been implicated in tissue patterning. We propose a model in which Fritz can interfere with the activity of Wnt proteins via their cognate frizzled receptors and thereby modulate the biological responses to Wnt activity in a multitude of tissue sites.
Introduction
In recent years, the elucidation of mechanisms by which insects and higher vertebrates develop has led to the discovery of gene products that are structurally conserved and perform functionally similar tasks. Although flies, frogs and mice are animals of obviously very different appearance, the production of differentiated cell lineages and morphological and functional compartments in these organisms are governed by surprisingly similar hierarchical processes. One early step in embryogenesis is the establishment of cell diversity, originating from variations in subsets of expressed genes. This seems to be governed at least in part by the graded distribution of maternal factors. Generally, two types of actions serve to translate these concentration gradients into morphologically distinct entities. The first is the interaction of cell surface receptors with their respective ligands, which are present either on neighbouring cells or as secreted molecules. Receptor activation is then followed by the propagation of the intracellular signal initiated by this interaction. This results in the induction of specific transcription factor activities and leads to the execution of different developmental programs within individual cells. The target genes of a specific transcription factor may code for other receptors or ligands, capable of activating similar signaling pathways during later stages of development.
One such pathway is exemplified by the secreted molecules of the Wnt/wingless class and by transcription factors encoded by the engrailed genes. The Wnt-1 gene was originally identified as a mammary oncogene activated by proviral integration (Nusse and Varmus, 1982) , and was later found to be the orthologue of the Drosophila segment and tissue polarity gene wingless (Rijsewijk et al., 1987) . A large family of related, although functionally distinct, Wnt genes has been identified in several species, including at least 15 in the mouse (Gavin et al., 1990; Nusse and Varmus, 1992) . Wnt genes code for cysteine-rich secreted proteins that bind to the extracellular matrix (Bradley and Brown, 1990; Papkoff and Schryver, 1990 ) and appear to be short range signaling molecules (Gonzalez et al., 1991) . The formation of a complete secondary body axis can be induced by injection of Wnt-1 and Xwnt-8 mRNA ventrally into developing Xenopus embryos. In the dorsal area both maternal and zygotic transcripts of a homologue, Xwnt-8b, are present at the critical time to function in axis formation (Cui et al., 1995) . Numerous patterning events in both invertebrates and vertebrates, such as segment and tissue polarity in Drosophila and rhombomere organization in the mouse brain, seem to be regulated in a non-cell-autonomous manner by Wnt signaling Parr and McMahon, 1994) . The available data concerning Wnt gene expression and function during mouse development are consistent with the hypothesis that Wnt proteins are involved in the specification of cell positional information and/or patterning along the antero-posterior and dorso-ventral axis. For example, gene knockout studies have shown that of the large subset of Wnt family members which are expressed in localized areas of the CNS (Parr et al., 1993 ) the mouse Wnt-1 protein is required for specification and development of the midbrain/hindbrain region (McMahon and Bradley, 1990; Thomas and Capecchi, 1990 ; Thomas et al., 1991) . Mouse axial development is dependent on Wnt3a gene dosage (Takada et al., 1994; Greco et al., 1996) . Kidney epithelial cell differentiation requires Wnt-4 . Abnormal expression of Wnts may lead to oncogenesis (Huguet et al., 1994; van Ooyen and Nusse, 1984) .
Genetic analyses in Drosophila have revealed several components of the wingless (Wg) signaling pathway: dishevelled (dsh) Theisen et al., 1994) , zeste white 3 (zw3 or shaggy) and armadillo (arm), a beta-catenin related molecule (McCrea et al., 1991) . Wg signaling leads to liberation of arm from the inhibitory effect of zw3 and thereby to hypophosphorylation, accumulation and activation of arm (Riggleman et al., 1990; van Leeuwen et al., 1994) . However, clear insight into the regulation of the signaling pathways activated by Wnt proteins has been hampered by a lack of identified receptors. Recently, the Drosophila frizzled-2 (Dfz-2) gene has been shown to have properties of a functional Wg receptor (Bhanot et al., 1996) . A separate study demonstrated rat frizzled (Rfz-1)-dependent translocation of Xdsh, a Xenopus homologue of dsh, to the plasma membrane and induction of genes indicative of axis formation after injection of Xwnt-8 mRNA in Xenopus embryos (Yang-Snyder et al., 1996) . Several mammalian genes related to the Drosophila tissue polarity gene frizzled (Dfz-1) (Vinson and Adler, 1987; Vinson et al., 1989) have been identified (Chan et al., 1992; Zhao et al., 1995; Wang et al., 1996) , some but not all of which also bind the Wg protein (Bhanot et al., 1996) .
Here we describe the cloning and characterization of Fritz, a mouse (mfiz) and a human (hfiz) gene encoding a secreted protein which is structurally related to the extracellular portion of the Drosophila and vertebrate frizzled genes. Mouse Fritz is expressed in all three germ layers during early gastrulation. Later in embryogenesis, Fritz is found in the central and peripheral nervous system, the nephrogenic system and several other tissues, all of which are sites where Wnt proteins have been implicated in inductive patterning processes (Herzlinger et al., 1994) . In addition, Fritz antagonizes Wnt function in a non-cellautonomous manner when both proteins are ectopically expressed in Xenopus embryos. We propose that secreted Fritz molecules modulate the temporal and spatial activity of Wnt proteins and thereby control the biological responses to Wnt activity in a variety of embryonic tissues.
Results

Cloning of Fritz (fiz)
A protein secreted by the hamster fibroblast cell line BHK21/c13 (BHK) with mitogenic activity on bovine aortic endothelial cells (BAE) was purified to homogeneity by a combination of heparin-affinity chromatography and reversed phase HPLC (data not shown). Protein sequences for the amino terminus and, after tryptic and Asp-N digestion, also for internal peptides (Fig. 1B) were determined by microsequencing. For PCR amplification of reverse transcribed BHK mRNA using the MOPAC technique (Li and Caskey, 1990 ) degenerate oligonucleotide primers were designed based on suitable stretches of the peptide sequences. PCR amplification using BHK cDNA and primers corresponding to the peptide sequences NNYNYVI in peptide P4 and VEGTIAEK in peptide P9 (Fig. 1B) produced a 255 bp fragment that was sequenced directly. Conceptual translation of the resulting nucleotide sequence using MacMolly software revealed the presence of the peptide sequences P4 through P9 within a continuous open reading frame (ORF) . From this result we concluded that the 255 bp fragment corresponded to a cDNA fragment which codes for part of the BHK protein which we had previously purified. More sequence information for the hamster cDNA was acquired by the application of the rapid amplification of cDNA ends (RACE) method using specific primers to extend the cDNA fragment in 5′ and 3′ direction. This led to the determination of a 992 base pair fragment of the hamster cDNA sequenced in this manner. By comparison with corresponding mouse and human cDNA sequences (Fig. 1A) it was deduced that the available hamster cDNA sequences lack presumably 72 amino terminal codons (Fig. 1B) .
To obtain sequences for the human and mouse fiz cDNAs we screened a variety of cDNA libraries from these species. Using the 255 bp hamster PCR fragment as a probe, multiple cDNAs harbouring human fiz sequences were isolated from a human placental lgt11 library and sequenced. In addition, a partial cDNA clone isolated from this library was used to screen a human foetal kidney cDNA library. With the exception of the 5′-most sequences located upstream of codon five of the putative ORF, the nucleotide sequence has been confirmed by sequencing at least nine independent clones. From the sequence analysis of several independent cDNA clones polyadenylated at different positions it is evident that the human fiz gene contains two independent transcriptional termination signals (Fig. 1A) . A partial human fiz cDNA clone was used to screen a 14.5 days post-coitum (dpc) embryonic mouse cDNA library. At least four independent clones were isolated and sequenced. With the exception of the 30 carboxy-terminal amino acids and 3′-untranslated region (UTR) the nucleotide sequence shown in Fig. 1A was identical in at least three cDNA clones. The unusually long 5′-UTR sequence of 790 bases was verified by sequencing a mouse genomic clone (data not shown). For both the mouse and the human fiz mRNA the first AUG in the frame that codes for the peptides known from protein sequencing appears to be the translational start codon, as it corresponds to the Kozak consensus sequence for eukaryotic translation initiation sites (Kozak, 1987; Kozak, 1995) . In the long 5′-UTR of the mouse fiz cDNA several stop codons appear to be located in the same ORF. That supports our assertion that translation commences at the AUG codons indicated in Fig. 1A .
To further confirm the cDNA sequence of human fiz by expressed sequence tags deposited in the GENBANK data base, we performed a DNA sequence search using the BLAST algorithm (Altschul et al., 1990) . As a result, sequence tags identical to hfiz cDNA were found which covered almost the entire ORF and the complete 3′-UTR of hfiz, with the exception of approximately 50 bases in the most 5′-region of the cDNA. Analysis of the retrieved sequence tags revealed the existence of independent sequences that are polyadenylated at positions identical to the two different sites indicated in Fig. 1A . That further supports our observation that two transcriptional termination sites are utilized in this gene.
One specific sequence tag retrieved during this search was originally amplified from rat myometrium cDNA. This sequence tag is highly homologous to coding sequences of mouse, hamster, and human fiz. This rfiz cDNA terminates at a polyadenylation site corresponding to the proximal transcription termination sequence in hfiz. Surprisingly, in the rfiz ORF a deletion of two bases in the codon corresponding to the C-terminal amino acid of hfiz leads to a frame shift and extension of the coding region, adding four amino acids to the carboxy terminus of the protein.
The amino terminus of the mature hamster fiz protein was determined by microsequencing and is in good agreement with cleavage site predictions for signal peptides (von Heijne, 1986) . The sequence of the amino terminal peptide from hamster is identical to the respective mouse and human sequences. Therefore, we conclude that in both mouse and human the signal peptide of the fiz protein is 32 amino acids in length. The mouse fiz ORF codes for a total of 323 amino acids, whereas the human fiz ORF codes for 325 amino acids. The respective theoretical molecular weights of the mature fiz proteins are 32.8 kDa and 33.2 kDa. In addition, the mouse and human fiz proteins both contain a conserved potential N-glycosylation site (Gavel and von Heijne, 1990) (indicated by an asterisk in Fig. 1B) .
As shown in Fig. 1A ,B, nucleotide and protein sequences of hfiz, mfiz and BHKfiz show a high degree of homology. The human and mouse protein sequences are 91% identical, while the nucleotide sequence of the ORF is 89% identical. However, at position 302 of the human protein two extra serine residues are inserted as compared to mouse and hamster fiz protein sequences. The partial protein sequence deduced from hamster fiz cDNA is 73% identical to the human and 77% identical to the mouse protein sequence, the identity on the cDNA level being 69% and 72%, respectively.
Protein sequence database searches employing the BLASTP algorithm (Altschul et al., 1990) revealed that the mammalian fiz protein sequences showed a significant degree of homology with the frizzled (Fz) family of genes (Fig. 2) . The prototype member of this gene family is the Drosophila tissue polarity gene frizzled (Dfz-1) (Vinson et al., 1989) . These proteins are presumed seven-pass membrane proteins that belong to the so-called serpentines due to their putative topology in the cell membrane. Other members of the family include a second Drosophila frizzled gene (Dfz-2), which functions as a wingless receptor (Bhanot et al., 1996) ; the Drosophila smoothened gene (Dsmo), which appears to be a protein involved in hedgehog signaling (Alcedo et al., 1996; van den Heuvel and Ingham, 1996) ; the C. elegans gene lin-17, which acts downstream of the Wnt-like gene lin-44 (Sawa et al., 1996) . Another frizzledlike gene is the C. elegans Cfz-1 gene , and several frizzled-like genes were isolated from mouse, rat and human (Chan et al., 1992; Zhao et al., 1995; Wang et al., 1996) . The similarity of the fiz proteins described in this study with the members of the frizzled family is restricted to a cysteine-rich domain (CRD) positioned at the amino-terminus of these molecules (Fig. 2 ) that is exposed extracellularly as shown by electron microscopy for the Drosophila Dfz-1 protein (Park et al., 1994) . A variant form of the collagen XVIIIa1 chain also contains a sequence similar to this CRD (Muragaki et al., 1995; Rehn and Pihlajaniemi, 1995) . The corresponding region of Dfz-2 has been shown to be sufficient for binding to the wingless protein (Bhanot et al., 1996) . Although the overall identity between the extracellular domains of various frizzled-like proteins and hfiz is only in the range of 10-38% (Table 1) , this region contains a series of at least ten cysteine residues (marked by asterisks in Fig. 2) , the spacing of which is highly conserved amongst all family members. When comparing protein sequences of Dfz-2, Mfz-8, and Hfz-5, the similarity in spacing of cysteine residues extends far beyond the ten residues found in the CRDs of most of the frizzled-like protein sequences.
To develop tools for the detection of mouse fiz protein a rabbit antiserum was raised that was directed toward a Cterminal peptide of mouse fiz. To create a more convenient source for fiz protein, mouse fiz coding sequences were cloned into either a retroviral expression vector for production of mouse fiz protein in chicken embryo fibroblasts (CEF) or the E. coli expression vector pTrcHis. Recombinant mfiz protein produced from CEFs was partially purified by heparin affinity chromatography, comigrated with fiz protein purified from BHK conditioned media on polyacrylamide gels (Fig. 3A) , and was detected by Western blotting using the mouse-specific rabbit antiserum (Fig. 3B) . However, the recombinant protein was lacking any detectable mitogenic activity on BAE cells (data not shown). Recombinant mfiz from E. coli, although detectable by Western blotting, did not bind to heparin sepharose (data not shown). To determine if fiz protein exists in a multimeric form, native BHK cell-derived fiz protein was treated with the reducing reagent b-mercapto-ethanol. However, the apparent size of reduced fiz protein did increase after b-mercaptoethanol treatment (Fig. 3C) . Therefore, it appears that fiz does not exist as a multimeric, covalently linked protein after purification. Instead, the small shift to a higher apparent molecular weight is most likely caused by disruption of internal disulfide bridges, which destroys the more compact conformation of the native molecule.
Fritz inhibits ectopic Wnt activity in Xenopus embryos
The apparent similarity of the fiz proteins with the putative wingless binding domains of frizzled family members suggested that Wnt proteins could also interact with the fiz proteins. Therefore, we tested the ability of fiz to interfere with Wnt function in an established assay for the biological activity of Wnt genes. To this end, we attempted to inhibit formation of a secondary embryonic axis in Xenopus embryos elicited by ectopic expression of myc-tagged Xwnt-8 by coexpression of the mouse fiz protein. As reported (Sokol et al., 1991;  for review see Moon, 1993; Kühl et al., 1996) , injection of Xwnt-8 mRNA into the ven- cysteine residues is aligned with the extracellular domains of all known members of the frizzled gene family from human (FZD2, Hfz-5), mouse (Mfz-3, -4, -6, -7, -8), rat (Rfz-1, -2), C. elegans (Cfz-1, lin-17), Drosophila (Dfz-1, Dfz-2) as well col18a1 (one transcript of the al-chain of mouse collagen XVIII containing a cysteine rich domain (CRD) of ten cysteine residues with conserved spacing; marked by continuous lining). Also shown is the extracellular domain of the smoothened protein, a protein involved in hedgehog signaling. Here, all but one cysteine of the CRD are conserved. Cysteine residues that align with the hfiz cysteine residues are highlighted by bold and capital letters. The DNA sequence data were obtained from a GENBANK search using the BLAST network service. DNA sequences were translated into protein sequence and aligned using MacMolly sequence analysis software. tral half of a Xenopus four-cell stage embryo leads to the synthesis of mature Xwnt-8 protein before the onset of zygotic transcription and consequently to the formation of dorsal tissues. If mfiz interferes with Xwnt-8 signaling, then coexpression of both molecules at the ventral side of the Xenopus embryo should suppress the formation of a secondary axis. Single injection of 10 pg of Xwnt-8 mRNA resulted in 58.5% of injected embryos with a secondary axis, similar to the results of another study . Single injection of mfiz mRNA into ventral or dorsal Xenopus blastomeres resulted neither in axis duplication nor in ventralization. However, upon co-injection of mfiz mRNA the axisinducing activity of Xwnt-8 mRNA was antagonized (Fig.   4A , Table 2 ). This effect was dose-dependent as 100 pg mfiz mRNA reduced the proportion of embryos with a duplicate axis to about one-fourth, whereas lower amounts (25-50 pg.) decreased axis formation only by one-half relative to the values obtained by injection of 10 pg Xwnt-8 mRNA. Co-injection of Xwnt-8 with preprolactin mRNA as a control did not alter the axis-inducing activity of Xwnt-8, underscoring the specificity of the observed effect.
In order to rule out that mfiz leads to destabilization of Xwnt-8, embryo lysates were prepared and tested for the presence of Xwnt-8 and mfiz proteins by immunoblotting. Fig. 4B shows that the amount of myc-tagged Xwnt-8 protein detected by the monoclonal antibody 9E10 (Evan et al., 1985) does not change significantly in the presence of mfiz protein. However, the amount of mfiz protein was reduced when both mRNAs were co-injected as compared to single injections of mfiz mRNA (Fig. 4C) . We assume that Xwnt-8 mRNA is more efficiently translated than mfiz mRNA. This would also explain why suppression of Xwnt-8-induced axis formation is only observed when mfiz mRNA is present in 5-10-fold excess over Xwnt-8 mRNA. Quantitative analysis of amino acid identities of the deduced protein sequences of the CRDs (continuous line in Fig. 2 ) of hfiz versus all members of the frizzled gene family, mouse collagen XVIII a1-chain, and Drosophila smoothened. To further investigate whether Fritz acts upon Xwnt-8 in a non-cell-autonomous manner Fritz and Xwnt-8 mRNAs were injected separately into either of the two neighbouring ventral blastomeres, respectively (Table 2B) . In these experiments, Fritz protein reduced Xwnt-8-induced secondary axis formation to a similar extent as observed in Table  2A . Again, the injection of Fritz mRNA alone had no effect on axis duplication. We conclude that inhibition of secondary axis formation by Fritz is not dependent on co-production with Xwnt-8 in the same cells, and that functional interaction must therefore occur outside of the cells that produce either factor.
Fritz is expressed in different tissue sites during mouse embryogenesis
To assess the localization of fiz mRNA in early development, we performed an extensive in situ (i.s.) hybridization analysis throughout mouse embryogenesis, starting from the neural plate stage (7.5 dpc) to late gestation (17.5 dpc). Specific mfiz transcripts were detected in all three germ layers of the head process and to a lesser extent, in the primitive streak area of 7.5 dpc embryos (Fig. 5A-C) .
In 9.5 dpc embryos the most prominent sites of mfiz expression were the limb buds. Here, mfiz i.s. was uniformly localized in the newly forming anlagen of the hindlimbs (Fig. 6D) , while in the forelimbs it was found more ventro-distally (Fig. 6B) . Abundant expression also occurred in somites and in head mesenchyme with the highest levels in the mesenchyme surrounding the mesonephric ducts. Clearly detectable expression of mfiz mRNA was found in Reichert's membrane (Fig. 6B) . In the neural tube high levels were confined to a medial stripe, with expression levels decreasing toward the roof plate (Fig. 6B,E,F) ; the prosencephalic neuroectoderm, however, was devoid of mfiz transcripts (Fig. 6D) .
Expression in the neural tube persists in 11.5 dpc embryos (Fig. 7) , where mfiz mRNA was restricted to the ventricular zone of neuroectodermal cells (Fig. 7D) . In the intermediate zone of the neural tube, patchy expression of mfiz i.s. was detected in the ventral zone. In the peripheral nervous system (PNS), dorsal root ganglia and glial cells ensheathing the dorsal roots contained mfiz i.s. transcripts (Fig. 7C) . Additional sites of expression were the urogenital ridge and the dorsal aorta (Fig. 7A) .
During late gestational stages (17.5 dpc), the mfiz expression pattern is more restricted to sites of ossification, as depicted in Fig. 8 . In long bones, such as the humerus (Fig. 8 G,H) , mfiz mRNA is detected in the perichondrium and accumulates in the epiphysial growth plate, indicating an osteoblastic source of expression. Roughly the same expression pattern is found in other areas of ossification, as exemplified by the capsule of the cochlea (Fig. 8A,B) and the head of the mandible (Fig. 8D,E) . In each of these sites of endochondral ossification processes, the chondrocytes, which produce the bone-forming matrix, are devoid of mfiz mRNA. In the bones of the skull that are mainly formed in a cartilage-independent, membranous process of ossification, mfiz i.s. was again found in presumptive osteoblastic cells, as shown in the zygoma (Fig. 8D,E) . Additional sites of expression were the developing molars (data not shown). Mfiz mRNA is also found in the developing kidney (data not shown). At 17.5 dpc, expression is seen in the glomeruli and also in kidney tubules.
We have established that mfiz transcripts show a spatially and temporally highly specific expression pattern during mouse development. Following these observations we wanted to determine the sizes and relative abundance of fiz transcripts in several mouse tissues (Fig. 9 ). Northern blotting experiments revealed an abundant transcript of approximately 2.0 kb in 9.5 dpc mouse embryonic RNA, where, in addition, a less abundant transcript of 4.8 kb was detected. This mRNA represented the major transcript in neonatal heart, liver, and to a lesser extent, in brain tissues. Another transcript of approximately 2.6 kb was found in neonatal kidney and spleen. Placenta (15.5 dpc) and lung showed very low expression of any mfiz transcript, in agreement with in situ expression data (not shown). In BHK cells, a kidney-derived cell line, originally used for purification of Fritz protein, a major transcript of 2.6 kb is detected (not shown).
Discussion
In this paper we describe the identification and characterization of Fritz, a secreted protein that functions as an inhibitor of Wnt activity. This factor was initially purified from BHK cell supernatants; peptides derived from the pure protein were microsequenced and the corresponding cDNAs were cloned from both the mouse and human species. The N-terminal domain of the protein exhibited sequence similarity to the putative extracellular portion of proteins belonging to the frizzled-gene family (Vinson and Adler, 1987; Chan et al., 1992; Park et al., 1994; Zhao et al., 1995; Bhanot et al., 1996; Sawa et al., 1996; Wang et al., 1996) . Very recently, a member of this protein family, the Drosophila Dfz-2 gene product, has been identified as a putative receptor for the Drosophila Wnt-like protein wingless (Bhanot et al., 1996) . Bhanot and colleagues demonstrated that transfection of Dfz-2 confers Wg responsiveness to unresponsive cells and allows for specific cell-surface binding of Wg. They also showed that transfection of the frizzled-like mouse genes Mfz-5 and Mfz-8 that exhibit the highest degree of homology to Dfz-2 leads to binding wingless protein. Because these frizzled proteins are most closely related to Fritz in the cysteine-rich domain (CRD), the putative ligand binding domain, we reasoned that Fritz might act as an inhibitor of Wnt. To test this hypothesis we took advantage of the specific biological effects of a certain subclass of Wnt proteins, which includes Wnt-1 and Xwnt-8, to cause the formation of a complete secondary embryonic axis in the Xenopus embryo (Sokol et al., 1991) . We demonstrate that the proportion of embryos with an axis duplication induced by injection of Xwnt-8 mRNA can be reduced by approximately 75% by simultaneous injection of mouse fiz and Xwnt-8 mRNAs. Separate injection of Fritz and Xwnt-8 mRNAs into either of the two neighboring ventral blastomeres showed that Fritz acts upon Xwnt-8 in a non-cell autonomous manner. We conclude that functional interaction occurs outside of the cells that produce either factor. Several mechanisms are conceivable by which this function of Fritz may be explained. Most obviously, an abundantly expressed protein with similarities to the ligandbinding domain of the cognate receptor could function as an antagonist by binding to the ligand (Xwnt-8) in a competitive fashion. Such a competitive inhibition of Wnt signaling would require that the binding affinity of Wnt proteins and Fritz is in a similar range as the Wnt-Fz binding. We have attempted various approaches to demonstrate physical interaction of Xwnt-8 and Fritz. In immunoprecipitation experiments we have not been able to coprecipitate Fritz with myc-tagged Xwnt-8 protein using the anti-myc antibody 9E10, neither after cotransfection in COS7 cells nor by coinjection in Xenopus embryos. Fritz precipitated with heparin sepharose was not found to be associated with Xwnt-8 in the same experimental setting, although we have evidence that the heparin binding domain of Fritz is located outside of the cysteine-rich domain (data not shown). In both types of experiments, identity of precipitated Xwnt-8 or Fritz was determined by Western blotting using specific antibodies. Therefore, we believe that the binding affinity of Wnt proteins to Fritz is not high enough to reveal direct binding in biochemical assays. However, we cannot exclude the possibility that species differences between mouse Fritz and Xenopus Wnt-8 proteins may account for the low binding affinities. Alternatively, the interaction of the proteins may be determined by kinetic parameters rather than the local equilibrium. However, competitive inhibition of Wnt binding to frizzled receptors (Fz) by Fritz may be achieved if the Wnt-Fz interaction were not based on high affinity binding. Indeed, specific cell-surface binding of Wg to Dfz-2 was only reported using immunofluorescence (Bhanot et al., 1996) . Biochemical evidence has yet to be presented for the direct binding of Wg to Dfz-2. A biochemical assay system, however, is necessary to evaluate the binding affinities and binding requirements of Wnt ligands, Fz receptors, and Fritz.
Alternatively, Wnt protein could be removed from the cell surface and from a Fz receptor by binding to Fritz. However, Fritz protein produced dorsally or ventrally in Xenopus embryos had no effect on axis formation, even when mRNA doses as high as 2 ng were injected. No induction or inhibition of axis formation was observed without coinjection of Xwnt-8 mRNA (data not shown), suggesting that endogenous Wnt was not mobilized or inhibited by exogenous Fritz expression. Recent evidence suggests that the endogenous level of Wnt signaling via Rfz-1 as determined by Xdsh recruitment to the plasma membrane and induction of responsive genes is finely tuned and critically dependent on quantitative aspects of ligand-receptor concentrations and gradients, consistent with other patterning events. Thus, only part of the Xwnt-8 and Xdsh proteins were found to be localized at the plasma membrane while most of it was recruited there after coexpression of high amounts of Rfz-1 (Yang-Snyder et al., 1996) . This is consistent with the notion that most Wnt ligands may only display their true activity when mobilized from the endoplasmic reticulum (ER) or when membrane-bound. Retention of transfected Wnt-1 in the ER (Papkoff et al., 1987) and association with the chaperone BiP (Kitajewski et al., 1992) have been reported. The antagonistic action of Fritz on Wnt signaling may therefore reflect a high degree of mobilization of Wnts away from the producer cell surface and the autocrine receptor. Hence, an excess of Fritz may be required to compensate for low affinity while allowing higher affinity interactions to occur at a distance depending on the concentration of Fritz, Wnt and Fz. Thus, the instability of Fritz-Wnt complexes may be physiologically meaningful. However, more direct biochemical experiments need to be performed as soon as all the components of the Wnt-Fz receptor complex are available.
In contrast to Fritz, chordin and noggin were recently characterized as soluble inhibitors of early dorso-ventral patterning in Xenopus and Drosophila by binding with high affinity to bone morphogenetic protein 4 (Piccolo et al., 1996; Zimmerman et al., 1996) and decapentaplegic (Holley et al., 1996) . We would like to note, however, that Fritz is the first antagonist of a signaling molecule with homology to a ligand binding domain of a receptor that is encoded by a separate gene. Therefore, although the mechanisms of action seem to be somewhat different, soluble inhibitors may be important components in signaling events leading to polarized structures such as axes, segments and wing hairs. It is indeed intriguing that many of these processes seem to be regulated by a similar set of receptors and ligands. Our results raise the possibility that the Wnt-Fz-Fritz system is involved in early gastrulation and in other events during embryonic mouse development that require tissue and cell polarity. For example, in 7.5 dpc mouse embryos mfiz was found to be strongly expressed in the head process. Conversely, Mwnt-3a, Mwnt-5a, Mwnt-5b (Takada et al., 1994) and Mwnt-8 (Bouillet et al., 1996) were reported to be excluded from the head process but were strongly expressed in the primitive streak, implying that Fritz may serve to exclude Wnt activity from the head process region. It may thus act in a similar way as the recently described dominant-negative Wnt protein (Hoppler et al., 1996) .
A clue to the function of Fritz in Wnt-and Fz-dependent pattern formation may come from the observation that the frizzled protein Dfz-1 has a dual role in the induction of tissue polarity in Drosophila wings (Krasnow and Adler, 1994) . In this system, Dfz-1 is required for both the intra- cellular response to polarity information (cell-autonomous) and also for the intercellular transmission of polarity information to neighboring cells (non-cell-autonomous). The cell-autonomous pathway leads to prehair initiation at the distal vertex of the cell while the relay of polarity information to neighboring cells seems to be transduced by a Fzreceptor signaling mechanism generating a soluble factor that can transfer the signal to neighboring cells. Since Wg binds to Dfz-1 (Bhanot et al., 1996) it is tempting to speculate that a Drosophila Fritz homolog may be involved in the Fz signaling pathway by mobilizing a preexisting cellautonomous polarity-generating signal such as Wnt from this cell. While antagonizing its binding to the same cell (and other Fritz-expressing cells) it may allow binding to neighbouring Fz-expressing, but Wnt-and Fritz-negative cells. This is pure speculation but can be tested using the available genetic and molecular tools.
Later in embryogenesis, in situ hybridization analyses show high but regulated levels of expression of mfiz mRNA in the limb buds, the central and peripheral nervous system, the nephrogenic mesenchyme and several other tissues, in which Wnt family members are co-expressed and presumably mediate inductive processes (Herzlinger et al., 1994) . For example, in the neural tube of 9.5 dpc embryos high levels of mfiz transcripts were strikingly restricted to a medial stripe, with expression levels decreasing toward the roof plate. This domain lies between the dorsal expression domain of wnts 1,3, 3a and 4 and the ventral domain of wnts 7a and 7b (Parr et al., 1993) , and coincides with the area where prospective motoneurons differentiate. In the limb buds of these embryos a gradient-like strong expression of mfiz was observed in the mesenchyme while wnt 7a and wnt 5 were reported to be restricted to the dorsal and ventrodistal ectoderm, respectively (Parr et al., 1993) . Abundant expression also occurred in somites and in the mesenchyme surrounding the mesonephric ducts in which Wnt-4 is also expressed (Parr et al., 1993) . Therefore, the expression domains of Fritz and Wnts can be overlapping or mutually exclusive, suggesting that Fritz may modulate Wnt activity by different mechanisms.
An interesting mfiz expression pattern is observed at sites of ossification. mfiz was consistently found in presumptive osteoblastic cells either at sites of endochondral ossification or in the cartilage-independent, membranous process of ossification. Very recently, the human and bovine Fritz homologous genes named FRZB (Hoang et al., 1996) have been supposed to be involved in skeletal morphogenesis although the evidence and conclusions were different in some respects. Concerning osteogenesis during late gestation, our results demonstrate that Fritz is a secreted protein expressed predominantly in osteoblastic cells of the perichondrium of long bones.
Induction of embryonic, segment, tissue and even cellular polarity may be regulated by similar factors and more or less similar mechanisms. The specific expression of Fritz, Wnts and Fz receptors in a multitude of tissue sites of inductive processes during embryonic development suggest that these molecules are involved in a combinatorial fashion in cell differentiation and polarity, be it axis formation, dorso-ventral or antero-posterior polarity.
Experimental procedures
Cells and tissue culture
BHK21/c13 cells (ATCC CCL 10) were grown in Dulbecco's modified Eagle's medium/Ham's F12 (DMEM/ F12) in the presence of 5% fetal bovine serum (FCS). Chicken E10 embryonic fibroblasts were grown in DMEM containing 4.5 g/l glucose (DMEM+) in the presence of 8% FCS and 2% chicken serum.
Plasmids
As a probe for in situ hybridization and Northern blotting a BstXI/NheI-fragment of 919 bases starting at nucleotide 791 of the mfiz cDNA was cloned into the pBluescript II KS + vector (Stratagene, La Jolla, CA). This fragment lacked 58 nucleotides of coding sequence at its 3′ end. For stable transfection of CEFs an insert of 1087 bases containing the full ORF was cloned into ClaI-digested RCAS vector (Fekete and Cepko, 1993) via the adapter plasmid Cla12 (Hughes et al., 1987) . For production of mfiz protein in Fig. 9 . Northern blot of mouse tissues at different stages of development. Total RNAs of postnatal tissues as well as RNAs of 9.5 dpc embryos and 15.5 dpc placenta were used. Arrows indicate a prominent transcript at 2.0 kb and transcripts of minor abundance of 2.6 and 4.8 kb. Blots were probed with 32 P-labelled mfiz cDNA and reprobed with 32 P-labelled b-actin cDNA for normalization.
E. coli the inducible procaryotic expression vector pTrcHis (Invitrogen, Leek, Netherlands) was used. Vector sequences coding for Oligo-His-tag and endopeptidase cleavage site were replaced by mfiz coding sequences.
Protein purification chromatography
For production of BHKfiz, BHK cells were grown in a Multitray Cell Factory (Nunc, Roskilde, Denmark) to confluency and conditioned in serum-free medium containing insulin, transferrin and leupeptin at a concentration of 1 mg/l for 2-3 days. Cell debris was removed form the supernatant by centrifugation. Conditioned medium (4.5 l) was concentrated 20 × using a tangential filtering system (Ultrassette, Filtron, cutoff 10 kDa). After filtration a heparin-sepharose CL6B chromatography was performed. Following a washing step with 0.7 M NaCl in Tris-Cl buffer (pH 7.2), BHKfiz-containing fractions were eluted at 0.8-1.0 M NaCl and were analyzed by SDS-PAGE (Laemmli, 1970) in the presence or absence of b-mercapto-ethanol. Silver staining of 12.5% polyacrylamide gels was performed essentially as described by Oakley et al. (1980) .
Protein microsequencing
N-terminal sequences of mfiz protein and Asp-N peptides were obtained by Edman degradation on an Applied Biosystems gas phase sequencer (ABI, Weiterstadt, Germany) as published (Eckerskorn et al., 1988) . For sequencing of internal peptides the protein was electrophoresed by 10% SDS-PAGE. The Coomassie stained band was excised, cut into small pieces and washed with 0.2 M NH 4 HCO 3 followed by 0.2 M NH 4 HCO 3 /acetonitrile (1:1). This procedure was repeated twice. The gel slices were lyophilized for 2 h, and then rehydrated by adding three portions of 0.2 M NH 4 HCO 3 , 0.02% Tween 20, at 5 min intervals. Protease digestion was performed overnight at 37°C with 1 mg trypsin per 100 m1 volume. Peptides were extracted twice with 5% trifluoroacetic acid (TFA) and once with 2.5% TFA in 50% aqueous acetonitrile and separated by reversed phase HPLC on a Vydac TP54 C18 column (Separations Group, Hesperia, CA) using a standard TFA/ acetonitrile gradient system. Sequencing was performed using a pulsed liquid sequencer Md477A with an online Md120A phenylthiohydantoin amino acid analyzer from Applied Biosystems.
PCR cloning and DNA sequencing
Total RNA was prepared using the acid-guanidinium method (Chomczynski and Sacchi, 1987) . PolyA + RNA was prepared from BHK total RNA using poly(A)quickcolumns (QIAGEN, Hilden, Germany) following the manufacturer's protocol. One mg of polyA+ RNA was primed in a reverse transcription reaction at 42°C (Superscript, GIBCO BRL, Eggenstein, Germany) with oligo-dT [12] [13] [14] [15] [16] [17] [18] . For MOPAC (mixed oligonucleotides primed amplification of cDNA), various fully degenerate primers were designed in sense and antisense orientation based on internal peptide sequences. A 255 bp fragment was amplified using the following primers: 5′-primer, 5′-AA(CT)AA(CT)TA(CT)-AA(CT)TA(CT)GT(GACT)AT-3′; 3′-primer, 5′-(CT)TT-(CT)TC(AGCT)GC(AGT)AT(AGCT)GT(AGCT)CC(CT)-TC(AGCT)AC-3′, based on the peptides NNYNYVI and VEGTIAEK, respectively.
PCR was carried out on 1 ml of cDNA in 50 ml reactions with 3.2 mM primers, 200 mM dNTPs, 1 × Taq buffer (Perkin Elmer), and 2 U of Taq polymerase using a cycling program of 30 cycles with 94°C for 0.5 min, 46°C for 2 min, and 72°C for 1 min (ramp time 2 min). Additional portions of the hamster fiz cDNA were produced by 5′-and 3′-RACE: for 3′-RACE first strand cDNA synthesis was performed using oligo-dT 12-18 primers. For second strand synthesis the same oligo-dT 12-18 primer in combination with a specific 5′-primer was used. After first strand synthesis with oligo-dT 12-18 primers in 5′-RACE an oligodT-tail was added using terminal transferase (Boehringer Mannheim, Germany) following the manufacturer's instructions. PCR was carried out with oligo-dA 18 (NEB, Beverly, MA) and a specific 3′-primer. For 3′-and 5′-RACE, PCR amplifications were performed using a cycling program of 40 cycles: 94°C for 0.5 min; 42°C for 0.5 min; 72°C for 1 min (ramp time 2 min). All PCR amplifications were carried out on 1 ml of cDNA in 50 ml reactions with 0.4 mM specific primers and 2 mM oligo-dT or -dA primers, 200 mM dNTPs, 1 × Taq-buffer (Perkin Elmer), and 2 U of Taq polymerase: 5′-primer, 5′-GAACGCTCCAGGCTACTCTTG-3′; 3′-primer, 5′-CCGGGCTAAAGTTAAAGAGGTAAAG-3′.
cDNA screening
cDNA screening of human placental and human foetal kidney l-phage cDNA libraries (Clontech, HL1075b and HL5004a, Palo Alto, CA) as well as a mouse embryo E14.5 l-phage cDNA library (Stratagene 938301, La Jolla, CA) was carried out using nylon (QIAbrane, QIA-GEN, Hilden, Germany) or nitrocellulose (Schleicher and Schuell, Dassel, Germany) filters following standard procedures. Filters were hybridized with [ 32 P]dCTP-labelled probes, generated by random priming, at 42°C in 50% formamide, 5 × SSC (750 mM sodium chloride, 75 mM sodium citrate), 5 × Denhardt's (0.1% Ficoll, 0.1% polyvinyl-pyrrolidone, 0.1% BSA), and 10 mg/ml yeast tRNA. After washing at 42°C in 2 × SSC, 2 × SSC containing 0.5% SDS, and 0.3 × SSC containing 0.5% SDS, the filters were exposed for 1-2 days at −80°C. Phage inserts containing cDNA were either cloned directly from phage DNA prepared with the Lambda Midi Kit (QIAGEN) or amplified by PCR using lgt11-specific primers (NEB). For the murine cDNA, in vivo excision of phage inserts was carried out following the manufacturer's protocol.
DNA sequence analysis
Sequence analysis was performed on a 373 DNA Automated Sequencer (Applied Biosystems). Whereas most sequence data were obtained from cloned cDNAs using primers corresponding to vector sequences, hamster cDNA PCR fragments were sequenced directly using the specific or degenerate primers that were used for amplification. Analysis of DNA sequence data was carried out using MacMolly software (Soft Gene, Berlin, Germany).
Rabbit antisera
In order to raise an antiserum directed against mfiz, a peptide with the sequence ASDSTQNQKSGRNSNPR-PARS covering the carboxy-terminal 21 amino acids of murine fiz protein was synthesized on a 432A peptide synthesizer (Applied Biosystems). For coupling to KLH, an extra cysteine residue was added to the amino terminus. The antiserum SA1804 was raised at Eurogentec (Seraing, Belgium), and assayed for specific detection of mfiz in Western blotting. For detection of mfiz in cell lysates an affinity purification of anti-mfiz antiserum was carried out. Pooled antibody-containing fractions from a protein A-sepharose purification of the crude antiserum were further affinity purified by binding to the peptide used for immunization, which was linked to NHS-activated sepharose (HiTrap, Pharmacia, Freiburg, Germany).
Transfection and protein expression
Chicken embryonic fibroblasts were stably transfected with the replication competent retroviral vector RCAS containing the mfiz cDNA as described (Flamme et al., 1995) . After transfection using a modified calcium phosphate precipitation protocol, the cells were propagated for 2-3 passages and analyzed for complete infection by immunofluorescence of formalin-fixed cells using the monoclonal antibody AMV-3C2 (Developmental Studies Hybridoma Bank, University of Iowa, IA), directed against the viral gag protein. After 2-3 days, the cell supernatants were replaced with fresh medium and cell debris was removed from the supernatants by centrifugation.
Heparin affinity precipitation, Western blot, silver and Coomassie staining
Cell supernatants were incubated overnight with heparin agarose beads (Bio-Rad Laboratories, Richmond, CA) at room temperature, washed with 0.3 M NaCl in 50 mM Tris-HCl (pH 7.5), and boiled in sample buffer (27% glycerol, 15% b-mercaptoethanol, 6% sodium dodecyl sulfate (SDS), 0.03% bromophenol blue, 192 mM Tris). Proteins were separated by electrophoresis on a 15% SDS-polyacrylamide gel (Laemmli, 1970) and electrotransferred onto nitrocellulose (Schleicher and Schuell, Dassel, Germany).
After blocking with 3% BSA in PBST (PBS, 0.1% Tween 20) for 30 min at 37°C, the filters were incubated with a 1:100 dilution of rabbit anti-mfiz peptide antiserum SA1804 for 1 h at room temperature. After incubation with peroxidase-conjugated goat anti-rabbit antiserum (0.5 mg/ml, Jackson Laboratories, West Grove, PA) in blocking buffer the bands were visualized using the ECL kit (Amersham, Little Chalfont, UK). For Coomassie staining of polyacrylamide gels the Brilliant Blue G-Colloidal Concentrate (Sigma, Deisenhofen, Germany) was used according to the manufacturer's instructions. Silver staining was performed according to Oakley et al. (1980) .
Expression of recombinant mfiz protein in bacteria
mfiz cDNA, cloned into the procaryotic inducible expression vector pTrcHis, was expressed in the E. coli strain TOP10 using the Xpress System (Invitrogen, San Diego, CA) as described by the manufacturer. Protein production was assayed by SPS-PAGE and Coomassie staining. Protein exported into the periplasmic space was recovered by osmotic shock following protocol 6 of the QIAexpress kit (QIA-GEN).
Injection of Xenopus embryos, preparation of embryo extracts and SDS-PAGE/Western blot
For microinjection experiments mfiz was cloned into pSPT64T3 (a kind gift of S. Sokol). Myc-tagged Xwnt-8 was kindly provided by R. Moon. Capped RNAs were produced using SP6 polymerase. Prior to injection the integrity of RNA was checked by agarose gel electrophoresis and the concentration of RNA was determined by UV-spectroscopy. Different amounts of RNA were injected into the two ventral blastomeres of a four-cell stage embryo in a volume of 5-10 nl. Injection procedure and further cultivation were as described (Kühl et al., 1996) . Embryos were examined for double axis formation at neurula and tailbud stages. For detection of the corresponding protein products 15 embryos were lysed in NOP buffer as described (Müller et al., 1994) . Prior to electrophoresis the lysates were extracted with an equal volume of Freon. SDS-PAGE on 15% gels and Western blotting was exactly as described (Finnemann et al., 1995) . For immunodetection of Xwnt-8 the monoclonal antibody 9E10 (Evan et al., 1985) was used.
4.13.In situ hybridization
The techniques used for in situ hybridization were essentially as described previously (Breier et al., 1992) . Briefly, 10 mm frozen sections of mouse embryos at various stages were prepared and used for in situ hybridization. Singlestranded, 35 S-labelled sense and antisense RNA probes were generated by in vitro transcription using 100 mCi [ 35 S]UTP and T3 or T7 RNA polymerases as described by the manufacturer (Stratagene, La Jolla, CA). After hybridization, slides were coated with photographic emulsion (Kodak NTB-2, Kodak, Rochester, NY), exposed for 2-4 weeks, developed, and counterstained with 0.02% toluidine blue.
RNA extraction and Northern Blot analysis
Total RNA was extracted and purified using the acidguanidinium method (Chomczynski and Sacchi, 1987) . Poly(A)+ RNA was prepared using the Poly(A)Quik kit (Stratagene) following the manufacturer's instructions. Ten mg of total RNA were run on a 1% agarose gel containing 6% formaldehyde, transferred onto nylon membrane (HybondN, Amersham), and fixed under UV light (312 nm, 0.5 J/cm 2 ). Filters were hybridized following standard protocols described above and exposed for 3-10 days at −80°C.
